The contact fatigue life of machine elements is affected by pitting, wear and so on, under heavier loading conditions. Increasing the fatigue life requires mainly the improvements of lubricating condition, operating condition and materials. In order to improve the lubricating condition, it is necessary to investigate the relation of the microscopic surface texturing and the contact modes of machine elements. In this paper, thus, the pressure and oil film thickness of the contact between sphere and the plate with 5 kinds surface texturing were calculated using a commercial software based on Reynolds equation. There was sufficient evidence to suggest that the dimple shape was the optimum texturing to increase the lubricating condition.
Introduction
The contact fatigue life of machine elements is affected by pitting, wear and so on, under heavier loading conditions. Increasing the fatigue life requires the improvements of lubricating condition, materials and surface treatment. Surface texturing has been successfully used in many applications to improve the performance of surfaces. One of the most successful applications in engineering is the improvement of tribological performance. Recent advances in smart surface engineering, coating technologies and cold spray technologies offer unique possibilities for better controlling friction and wear under lubricated rolling, sliding or rotating contact conditions [1] .
For the hydrodynamic pressure generated between parallel sliding surfaces, several contributing factors were summarized [2] . Surface roughness is recognized as an important role and this discovery has brought about the method of surface texturing for improving the anti-seizure ability of mechanical seals and sliding bearings. Two kinds of lubrication effect of surface texturing have been theoretically discussed in past researches. One is the hydrodynamic effect. As the flow approaches the asperity, the pressure increases. As a result, additional load-carrying capacity is generated. Another is known as secondary lubrication effect, which acts in the regime of mixed lubrication. The fluid trapped in the low region of the texture can be considered as a secondary source of lubricant, which is drawn up by the relative movement to permeate the surface and to reduce the friction and retard seizing. Along with the developments of new techniques, both the design and processing methods of surface texturing have recently been advanced. Smart surface technologies such as reactive ion etching (RIE) using a photo mask [3, 4] , laser texturing and/or dimpling, laser glazing [5] [6] [7] [8] and shot-peening [9] have also become very popular in recent years. In particular, RIE and laser texturing have opened up new possibilities for surface texturing of the lubrication regimes in classical Stribeck diagrams. Controlling dimple size, shape, orientation, and density, researchers were able to modify both the width and the height of the boundary lubrication regimes and thus achieve lower friction and wear at sliding and rotating contact interfaces.
Observations of the surface texturing of some engineering surfaces have suggested that systematic patterning could lead to optimized behavior, as a logical development of the more random texturing achieved through the above processes. Different mechanisms may contribute towards better tribological performance under dry sliding conditions, the main effect is the removal of wear debris from the contact, while in lubricated sliding, in addition to the removal of wear debris, surface textures can also influence lubrication mechanisms, leading to beneficial changes in friction and wear. Surface texturing, which is one of the important factors on the influence of the lubricating condition, is proposed to improvement of tribological performance by many papers. Adachi et al. [10] evaluated the effects of surface texture on the property of water-lubricated SiC by experiment. Haiwu et al. [11] investigated the effects of the shape and the orientation of the surface texture imparted to the hydrodynamic pressure. Also Nanbu et al. [12] evaluated the effects of texture bottom shape and surface relative motion on lubrication enhancement. These studies are experiments and analysis in surface contact between the sliding plates. However, most of machine elements have the point contacts such as ball bearings and gears. In this paper, therefore, the analysis model which consisted of sphere and plate with texturing was prepared, in order to calculate the lubricating condition of the point contact. The guideline of the optimum surface texturing for point contact was proposed.
Models and Analysis for Lubricating Calculation
The oil film thickness and the pressure of the contact between a sphere and plates with several texturing were calculated using a commercial software based on Reynolds equation [13] . Figure 1 shows the coordinate system of the point contact for the analysis and 5 kinds of the plates with and without texturing used for the calculation. The basic model is a point contact between a smooth sphere and a plate. The origin was defined as the center at the contact between two solids. The x-axis is defined as the direction of the oil flow. The contact load was applied in the direction of z-axis. The five types of surface texturing were designed. Model 1 is a complete flat. Model 2 is a dimple shape similar to that manufactured by shot peening [9] . Model 3 is a groove shape similar to that machined by grinding in the direction of y-axis. Model 4 and Model 5 are pin-like convex and concavo shapes, respectively. The height from the top to the valley for each model was 1 μm. Table 1 shows the condition for this calculation. The lower textured plate is fixed. The plate came into contact with the upper sphere with a diameter of 3 8 inch Figure 2 shows the contour plots of the pressure and the oil film thickness. The origin of the contact model was defined as the center at the concavo of each texturing. The pressure contour of Model 1 indicated a concentric circular shape and the maximum pressure was almost 3800 MPa. The maximum pressure was almost equal to the value calculated by Hertzian contact theory [14] . When two elastic solids are brought together under a load, a contact area develops, the shape and size of which depend on the applied load, the elastic properties of the materials, and the curvatures of the surfaces. Therefore, the pressure contours of the Models except for Model 1 had the shapes due to the pattern of the plate with each texturing. The pressures of both Models 4 and 5 exceeded 5000 MPa, since those texturing patterns were a pin-like convex and concavo. Also, the contours of the oil film thickness were influenced by each texturing. In the calculation condition as shown in Figure 2 , the minimum oil film thickness h min calculated by Model 1 was 0.240 μm and was almost equal to that (h min = 0.212 mm) of calculated by the equation after Hamrock and Dowson [15] .
Effect of Texturing on Lubricating Condition
where, U is dimensionless speed parameter, G is dimensionless materials parameter, W is dimensionless load parameter, R x is effective radius in x direction. k is ellipticity parameter and k is equal to 1 since the contact ellipse is a circle in this study. Figure 3 shows the distributions of the pressure along the x-axis shown in Figure 2 . The origin of the contact model for Figure 3 was defined as the center at the concavo of texturing. The pressure along the x-axis for Model 1, which was represented by a broken line, indicated an elliptic distribution. The pressures of Models 4 and 5 fluctuated suddenly at the positions where the concavo of texturing exist. Although the pressure of Models 2 and 3 also fluctuated, each pressure change for Models 2 and 3 was smaller than those of Models 4 and 5. In the case of Model 2, the pressure change fluctuated smoothly and the maximum pressure was smaller comparing with Model 3. Figure 4 shows the distributions of the oil film thickness along the x-axis shown in Figure 2 . The origin of the contact model for Figure 4 was defined as the center at the concavo of texturing. The oil film of Model 1, which was represented by a broken line, was given as a minimum at the outlet of the oil flow in the contact re-
The minimum oil film thickness for each Model, that is Models 3 to 5, became thinner than that for Model 1. In the case of Model 2, the minimum oil film thickness was thicker than that for Model 1. Model 2 which was designed as a dimple shape caused the increase in the oil film thickness.
In Figures 2-4 , the pressure and the oil film thickness were calculated under a constant velocity 3m s u 
. In order to discuss the oil film thickness under several velocities, the oil film thickness was calculated under the velocity from 1m s to 6 m s . Figure 5 . The minimum oil film thickness became thicker as the value of u F  increased. The minimum oil film thickness for Model 2 was higher than that for Model 1, and was the thickest in the textured surface models. Model 2 has lower maximum pressure and a better effect to increase the film than the other surface texturing. Therefore, the dimple shape was the optimum shape in the texturing. 
Factor of Improvement in Lubricating Condition for Dimple
As the above mentioned results for calculating the effects of surface texturing on the lubrication in a point contact, the dimple shape (Model 2) which caused better lubrication was the optimum shape for the texturing in this paper. However, the factors brought about the improvement in a lubricating condition are unknown. Therefore, the effect of the dimple arrangement on lubricating condition in a point contact was calculated and was discussed. , and the effect of periodic properties in the dimple models on the lubrication was evaluated. In this calculation, the velocity of the oil flow and the normal load were 3m s u  and F = 500 N, respectively.
Single, Linear and Planar Models for Lubricating Calculation

Effect of Dimple Arrangement to
Lubricating Condition Figure 7 shows the contour plots of the contact pressure for , and 0.8a. For all cases, the distribution of the pressure was changed as the dimple moved. The maximum pressure among Single, Linear and Planar models was almost the same for each L. , 0, 0.4 L a     a a a a Figure 8 shows the contour plots of the oil film thickness for and 0.8a. For Single model, the film thickness for became thicker than any other L. The film thickness for L except for , 0, 0.4 L a     L  L  was almost the same. For Linear and Planar models, the film thickness for L = 0.4a became thinner than any other L. The film thickness for , 0 and 0.8a was almost the same, and was thicker than that for L = 0.4a. The difference of the model did not bring about the increase in the film thickness, since the maximum value of the film thickness for all models was almost the same. Figure 9 shows the distribution of the contact pressure and the oil film thickness along x-axis for L = 0 shown in Figures 7 and 8 . For Single model, the single dimple effected the fluctuation of the pressure near the dimple located at x = 0. While, for both Linear and Planar models, the distributed dimples effected the fluctuation of the pressure along x-axis. The distribution of the pressure for both Linear and Planar models was almost the same. However, the maximum pressure for all models was not affected by the model. In the case of the film thickness, though the distributions for both Linear and Planar models were different from that for Single model, the distribution for Linear model was almost equal to that for Planar model. The minimum oil film thickness for all models occurred at x = a, where is the outlet of the oil flow.
In order to discuss the effect of the location of the dimples on the oil film thickness, the minimum oil film thickness with the change in the distance L was investigated. Figure 10 (Model 1) shown in Figure 4 and those for Single, Linear and Planar models were denoted by symbols   min f h and min , respectively. For Single model, the minimum film thickness at was thicker than any other L. The distance is corresponded with the inlet of oil flow in the contact region. For Linear and Planar models, the minimum film thickness changed periodically with 0.8a, since the dimples were arranged periodically at an interval of s = 0.8a along x-axis. The minimum film thickness for both Linear and Planar models were similarly affected by the dimple located at the inlet of the oil flow. Furthermore, the dimples located without along x-axis did not strongly affect the minimum oil film thickness, since the minimum oil film thickness for both Linear and Planar models was almost the same change. Therefore, the minimum oil film thickness is totally dependent on the dimple where is located at the inlet of the oil flow in the contact region.
h L  L a   a
Conclusions
In order to calculate the lubricating condition of the point contact, the analysis model which consisted of sphere and plate with texturing was prepared. The guideline of the optimum surface texturing for a point contact was proposed. The obtained results in this paper were sum-marized as follows: 1) Five kinds of surface texturing were designed, and the contact pressure and the minimum oil film thickness were calculated under a point contact. The dimple shape had a good effect on lubricating condition, from the point of view of both pressure and oil film thickness.
2) In order to investigate the effect of the dimple pattern on the lubricating condition under a point contact, the effect of the dimples arrangement on lubricating condition in a point contact was calculated and was discussed using three kinds of dimple texturing. The dimples located without along x-axis did not strongly affect the minimum oil film thickness, since the minimum oil film thickness for both Linear and Planar models was almost the same change. Therefore, the minimum oil film thickness is totally dependent on the dimple where is located at the inlet of the oil flow in the contact region.
3) Under a point contact, the dimple shape was the optimum shape in the texturing. Designing dimple arranged lineally to moving direction of contact point or oil flow to increase the lubricating condition was important. The dimple texturing may bring about increase of fatigue of life and of wear resistance of machine elements.
